Background: The innate immune response like phagocytosis, encapsulation and antimicrobial peptide (AMP) production often occur in the early stage of host-pathogen interactions in Drosophila melanogaster. To investigate the Drosophila early immune response to Drosophila C virus, we characterized the DCV infection-response transcriptome of Drosophila Schneider 2 (S2) cells at one hour post inoculation. Method: The total RNA was extracted from treated S2 cells by using Trizol reagent and then analyzed by CapitalBio Corp for Drosophila GeneChip (Affymetrix) assay. Then the results of signaling pathway and protein interaction about these genes were analyzed by MAS 3.0 software. Results: Most significantly affected genes (656 genes) by DCV infection were regulated as the same way in inactivated DCV treatment, but inactivated white spot syndrome virus (WSSV) showed a different transcriptome. DCV infection up-regulated the expression levels of 275 genes and down-regulated that of 442 genes significantly and some affected genes were related to phagocytosis. DCV infection activated the JAK/STAT pathway by 1 hour post incubation. The Imd pathway was activated and transcriptional induction of antimicrobial peptides (AMPs) from this pathway was enhanced by 1 hour post incubation. But the Toll pathway was not activated like Imd pathway and the expression levels of AMPs from this pathway was reduced. In addition, most pattern-recognition receptors were inhibited and the antiviral RNAi pathway was not activated in the early stage of DCV infection.
Background
The innate immune response of Drosophila is governed by numerous signaling pathways that trigger antimicrobial peptide (AMP) production, phagocytosis, melanization, and encapsulation to limit infection after exposure to microbes [1, 2] . Drosophila C virus (DCV) is a non-occluded isometric virus which containing a positive sense RNA genome [3, 4] . DCV is a natural pathogen of the model organism D. melanogaster, making it an ideal model system for studying invertebrate host-virus interactions [5] . The mechanisms of antiviral defense in Drosophila highlight the potential of the D. melanogaster model for studying antiviral innate immunity [6] . It is found that the Imd pathway is involved in the antiviral immune responses of Drosophila [7, 8] . The Toll pathway is required for efficient inhibition of Drosophila X virus replication in Drosophila and constitutive activation of the pathway resulted in decreased viral titer [9] . Recently RNA interference (RNAi) was found to mediate innate antiviral immunity in Drosophila [10] [11] [12] . The JAK/STAT signaling pathway is reported to involve in the antiviral response of Drosophila [11] [12] [13] . However, many viruses always develop the ability of suppressing or evading host immune response. No evidence for the activation of the Toll, IMD or JAK/STAT pathways was found in D. melanogaster infected with the sigma virus (Rhabdoviridae) [14] . And dengue virus (DENV) may suppress immune responses at early infection stages before activating them at later time points in Aedes aegypti [15] . So it is very necessary to study the early immune response to pathogenic virus in host cells.
White spot syndrome virus (WSSV) is a bacilliform, enveloped double stranded DNA virus that causes viral diseases in shrimp [16] . To investigate early immune responses against DCV, we exposed Drosophila S2 cells to DCV, inactivated DCV (inDCV), and inactivated WSSV (inWSSV). We selected inWSSV as a treatment but not WSSV because WSSV was not phagocytosed by S2 cells like DCV and inDCV and induced very complicated early response. We investigated the transcriptional profile of virus-challenged Drosophila S2 cells using oligonucleotide DNA microarrays to identify the Drosophila early immune response to DCV. This results of this study contribute to the understanding of early immunologic defense responses in invertebrate hosts to viral challenge, and this study paves the way for further experiments which investigate the roles of genes and pathways in antiviral immunity.
Results and discussion
Genome-wide analysis of the Drosophila early immune response to DCV We investigate Drosophila S2 cells in early immune response to DCV to systematically dissect host functions important in responding to virus. Genome-wide analysis can be conducted easily in genetically tractable model hosts, such as D. melanogaster, and such analyses offer a new approach to identifying host genes required for host antiviral immunity. We conducted a genome-wide analysis of the Drosophila early immune response to DCV by using oligonucleotide microarrays. Our results show that DCV infection significantly up-regulated the expression levels of 275 genes and significantly down-regulated that of 442 genes at least 2-fold ( Table 1) . Some of these genes function as immunity signal transduction, antimicrobial peptides, pattern-recognition receptors and apoptosis ( Table 2 ). Most of these affected genes (656 genes) were regulated commonly in DCV and inDCV treatment ( Figure 1A ). In the 656 affected genes, the most highly up-regulated 5 genes were Pherokine 3 (>50 fold, function as protein serine/ threonine kinase activity), shaven baby (>28 fold, function as sequence-specific DNA binding), Matrix metalloproteinase 1 (>23 fold, function as metalloendopeptidase activity), Ribosomal protein S5b (>13 fold, function as RNA binding) and CG34330 (>13 fold, function as neurogenesis). And the most strongly down-regulated 5 genes were Hemese (>50 fold, function as negative regulation of lamellocyte differentiation), CG34003 (>30 fold, function as bacterial cell surface binding), nimrod C1 (>29 fold, function as defense response to bacterium), Projectin (>24 fold, function as structural constituent of cytoskeleton) and CG9616 (>21 fold). In addition, 178 genes were regulated commonly in DCV, inDCV and inWSSV treatments. The functional analysis shows that the 178 genes participated in diverse biological processes including transport, cellular metabolism, cytoskeleton regulation, chemosensory reception, diverse functions and so on ( Figure 1B ). In addition, 57 genes were significantly affected in Drosophila S2 cells at 1 hour post inoculation in cells infected with DCV but not in the other two treatments ( Figure 1A ). A total of 24 genes were up-regulated and 33 genes were down-regulated significantly (P<0.05). Gene ontology and KEGG analyses revealed that most of these genes were related to cellular metabolism. The similar result was found in Aedes aegypti cells with dengue virus infection [17] . Among the 57 genes, βTub97EF, DNApol-α50, Cyp9f2, and Csk were not directly related to cellular metabolism ( Figure 1C ). βTub97EF has GTPase activity and contributes to microtubule-based movement and phagosome conserved biosystem, and it is linked with CG31048 which participate in activation of Rac GTPase activity. DNApol-α50 has DNA polymerase activity and contributes to DNA replication and synthesis of RNA primer, and it is linked with Pde8 (3',5'-cyclic-AMP phosphodiesterase activity), Mcm6 (contributes to 3'-5' DNA helicase activity), argos (receptor antagonist activity) and mew (cell adhesion molecule binding). Cyp9f2 is an ageregulated gene which anticipates in oxidation-reduction process, and it is linked with CG4389 (enoyl-CoA hydratase activity), CG4598 (dodecenoyl-CoA delta-isomerase activity) and CG15739 (4-nitrophenylphosphatase activity) [18] . βTub97EF, Cyp9f2 and DNApol-α50 were down-regulated very significantly (P<0.01) in DCV treatment but not in the other two treatments. C-terminal Src kinase (Csk) is the major inhibitor of Src signaling, and it is linked with CG6410 (phosphatidylinositol binding), CG10479 (unknown function) and Cad96Ca (protein tyrosine kinase activity). In this study, Csk was up-regulated very significantly (P<0.01) in DCV treatment but not in the other two treatments. Csk functions with Src-family kinases to negative regulate cell proliferation and positive regulate apoptosis [19] [20] [21] [22] [23] [24] . Endocytosis or phagocytosis is the key step in the interaction between virus and host cells, and virus could utilize them to entry and infect host cells [25, 26] . So these genes induced by DCV infection may involved in phagocytosis of host cells in 1 hour post inoculation.
JAK/STAT pathway is involved in antiviral immunity in Drosophila
As a reporter of Drosophila responsible for DCV infection, virus-induced RNA 1 (vir-1) is one of genes resulting from JAK/STAT signaling pathway which is not induced by pathogenic bacteria or fungi [13, 27] . Expression of Vir-1 was not modified by many stresses, such as heat shock, cold shock, mechanical pressure, dehydration or ultraviolet irradiation [27] . Therefore the Vir-1 gene specifically functions in the antiviral immune response of Drosophila [5] . The results of this study showed that Vir-1 was significantly up-regulated (P<0.01) in all three treatments, suggesting the involvement of JAK/STAT pathway in antiviral responses of Drosophila ( Figure 2 ). Furthermore, Vir-1 was significantly up-regulated (P<0.01) in response to WSSV (a non-pathogenic virus of Drosophila) as it was in responses to DCV ( Figure 2 ). Our results show that upd2, Socs36E and Stam were up-regulated very significantly (P<0.01), and TepI was down-regulated very significantly (P<0.01) in pathogenic virus treatments (DCV and inDCV) but not in non-pathogenic virus treatment (inWSSV) ( Figure 2 ). According to our data in this study, upd2, Socs36E, Stam and TepI have special antiviral immunity to pathogenic virus like DCV. But upd3 and vir-1 were upregulated significantly (P<0.01) in all three treatments (Figure 2) . The cytokine unpaired 3 (upd3) has been previously Table 1 The list of DCV infection affected genes
The number of affected genes Gene symbol understood to activate the JAK/STAT pathway in hemocytes [28, 29] . The data indicate that upd3 and vir-1 belong to the common antiviral immunity in Drosophila. A previous study showed that Drosophila did not mount an immune response controlled by known immune pathways against the sigma virus [14] . However, we found that the JAK/STAT pathway was activated by DCV infection at 1 hour post incubation.
Toll pathway is involved in early response to Drosophila C virus
Previously, it was shown that the Drosophila X virus (DXV) activates the Toll pathway, and flies that are The gene expression levels were compared with that of control (S2 cells without any treatment). The control's was designated as 1.
deficient for the Toll pathway transcription factor Dif are more susceptible to DXV infection [9] . Another study showed that Dif deficient flies exhibit the same sensitivity to DCV infection as wild-type flies [30] . In this study, DCV infection down-regulated the expression levels of Dif at one hour post infection. In Toll pathway, MyD88 and eater were down-regulated significantly (P<0.01), and Mkk4, ndl, 18w, Toll-8 and Pli were up-regulated significantly (P<0.01) in pathogenic virus treatments (DCV and inDCV) but not in non-pathogenic virus treatment (inWSSV) (Figure 3 ). The data indicate that these genes have special immunity to pathogenic virus like DCV. Interestingly, Drs (Drosomycin) was down-regulated significantly (P<0.01) in pathogenic virus treatments (DCV and inDCV) but was up-regulated significantly (P<0.01) in non-pathogenic virus treatment (inWSSV). Drosomycin (Drs) gene encodes a 44-residue inducible antifungal peptide, Drosomycin, in Drosophila melanogaster [31] . Because the Toll pathway is so important for antiviral immunity of Drosophila, DCV may inhibit the key factors of this pathway to evade humoral and cellular responses of host cells. 
Imd pathway is involved in early response to Drosophila C virus
In the Imd pathway, Rel, pirk and PGRP-LF were upregulated very significantly (P<0.01) in all three treatments (Figure 4 ). PGRP-LE and PGRP-LC, PGRP family member, are required for activation of the Imd pathway in response to Gram-negative bacterial infections [32] . In this study, PGRP-LE was down-regulated very significantly (P<0.01), and PGRP-LC was down-regulated in pathogenic virus treatments (DCV and inDCV) but not in non-pathogenic virus treatment (inWSSV) ( Table 2 ). The NF-κB-like transcription factor Relish is the ultimate target of the Imd pathway, which regulates the expression of a battery of genes encoding antimicrobial peptides (AMPs)-like Attacins [33, 34] . AMP genes have been shown to be induced in response to viral infection at levels similar to those observed during E. coli infection [9] . In this study, Attacin-A, Attacin-C, Attacin-D, Cecropin-B and Metchnikowin were very significantly up-regulated (P<0.01) in all three treatments ( Table 2 ). The results suggested that the Imd pathway was activated in DCV treatment and that the Imd pathway may be involved in the antiviral immunity in Drosophila. However, enhanced expression of single AMPs did not alter resistance to viral infection or viral titer levels, suggesting that the main antiviral response is cellular rather than humoral [9] . DENV infection also downregulated the expression levels of numerous immune signaling molecules and AMPs in Aedes aegypti cells [15, 17] . In this study, Drosomycin, Defensin, lectin24A and lectin28C were down-regulated very significantly (P<0.01) in pathogenic virus treatments (DCV and inDCV) but not in non-pathogenic virus treatment (inWSSV) ( Table 2 ). The data revealed that Drosomycin, Defensin, lectin24A and lectin28C may play more important role in antiviral immunity than other AMPs.
RNAi pathway was not activated in early response to Drosophila C virus
Previous studies have shown that RNA interference played a critical role in the control of viral infections in Drosophila and Ago2, Ars2, Dcr-2 and R2D2 as the core antiviral RNAi machinery [10, 35, 36] . However, the relative expression of Ago1, Ago2, Ars2, Dcr-1, Dcr-2, R2D2 and Drosha, which are important to antiviral RNAi pathway in Drosophila, remained stable in all three experimental groups (data not shown). The antiviral RNAi pathway was not activated in S2 cells by 1 hour post incubation with DCV or inWSSV. Virus infection in Drosophila initiates a specific transcriptional response, including the induction of Vago, a recently identified antiviral molecule that is required to restrict viral replication in flies [37] . In this study, Vago was significantly down-regulated (P<0.01) in all three treatments ( Table 2 ). The data indicate that the antiviral RNAi pathway was not induced in S2 cells at 1 hour post incubation with DCV or inWSSV. Previous studies also showed that DCV encodes a dsRNA-binding protein, DCV-1A, which suppresses RNA silencing in Drosophila [38, 39] .
In Drosophila, invading pathogens can encounter humoral and cellular responses that utilize patternrecognition receptors to identify pathogen-associated molecular patterns on the immune cell surface [1, 2] . In this study, PGRP-LE, Sr-CI, Sr-CIII, Eater, TepI were down-regulated significantly (P<0.01) in pathogenic virus treatments (DCV and inDCV) but not in nonpathogenic virus treatment (inWSSV) ( Table 2 ). And Lkr, NimB2, NimB3, NimB4, NimB5, NimC1, NimC2 were down-regulated significantly (P<0.01) in all three treatments ( Table 2 ). The results indicate that DCV may escape the recognition of host immunity by inhibition of pattern-recognition receptors on S2 cell surface in the early stage of infection. Phagocytosis is the early initiated innate immunity in Drosophila cells, so it is very important for antiviral immunity [40, 41] . DCV infection may activate or utilize phagocytosis immunity of host cells by 1 hour post inoculation because phagocytosis related genes (Csk and βTub97EF) were up-regulated significantly (P<0.01) by DCV infection only. TEM results also showed that no difference was found in DCV-infected S2 cells at one hour post infection, but DCV infection caused large harm to S2 cells at one day post infection ( Figure 5 ). DCV infection activated the JAK/STAT pathway and the Imd pathway in the early host-virus interaction. But the Toll pathway was not activated by DCV infection in the early host-virus interaction and the expression levels of AMPs from this pathway was down-regulated. And the antiviral RNAi pathway was not activated by DCV infection in the early host-virus interaction. Our results indicate that DCV actively suppresses activation of some immune pathways in Drosophila cell lines. This work contributes to the understanding of the early immunologic defense responses in invertebrate hosts to viral challenge, and it paves the way for further experiments that investigate the roles of genes and pathways in antiviral immunity.
Materials and methods

Maintenance of Drosophila S2 cell line and treatment
Drosophila S2 cells were cultivated at 28°C in Schneider's Drosophila medium (Ivitrogen, USA) supplemented with 10% fetal bovine serum (Gibco, USA). DCV was inoculated in S2 cells at a multiplicity of infection (MOI) of 1 for 4 days and collected for purification as described before [4] . Then S2 cells were infected with purified DCV at a multiplicity of infection (MOI) of 1. DCV at a multiplicity of infection (MOI) of 1 was UV-inactivated by exposure to a total of 12, 000 mJ UV light (5×3 min) as inactivated DCV (inDCV), and then S2 cells were inoculated with UV-inactivated DCV. The WSSV were purified from WSSV-infected shrimp according to the previous methods [42] . The WSSV virions were UVinactivated by exposure to a total of 12, 000 mJ UV light (5×3 min). Subsequently the inactivated WSSV virions (1 × 10 7 copies/mL) were inoculated in S2 cells (1 × 10 6 cells/mL). After one hour, the S2 cells were collected and subjected to oligonucleotide microarray. 
Analyses of mRNA expressions with oligonucleotide microarray
The total RNA was extracted from treated S2 cells by using Trizol reagent (Invitrogen, USA) according to the manufacturer's instructions. The total RNA samples were then analyzed by CapitalBio Corp for Drosophila GeneChip (Affymetrix) assay. And each treatment has 3 biological replicates that were measured by this way. Gene expression analysis was performed by using the Affymetrix (Santa Clara, CA, USA) Drosophila GeneChip, using the laboratory methods in the Affymetrix GeneChip expression manual. Gene expression analysis was performed using triple arrays and triple independent mRNA samples for each treatment. Microarray data were analyzed by using Bio MAS (molecule annotation system) 3.0 software (CapitalBio Corporation, Beijing, China). Using the criterion of cutoff limitation as a fold change ≥ 2 or ≤0.5 and qvalue ≤ 5%, differential expression genes were screened and clustered.
Biological pathway analysis
Through array analysis, the commonly altered genes were screened from DCV, and WSSV treatments. The selected genes were further analyzed in the context of Gene Ontology (GO) biological process and Kyoto Encyclopaedia of Genes and Genomes (KEGG) biological pathway. Then the results of signaling pathway and protein interaction about these genes were analyzed by MAS 3.0 software. To reveal the functions of predicted target genes, we used the ontology classification of genes based on gene annotation and summary information available through DAVID (Database for Annotation, Visualization and Integrated Discovery).
Transmission electron microscopy assay
The S2 cells were pelleted and fixed in the fixative containing 2% paraformaldehyde and 2% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.4) for 18 h at room temperature. Each sample was washed three times with 0.1 M sodium cacodylate buffer at room temperature. Then the sample was postfixed with 2% osmium tetroxide in 0.1 M sodium cacodylate buffer with constant rotation for 1h, followed by washes three times using 0.1 M sodium cacodylate buffer at room temperature. The sample was stained with 2% uranyl acetate in 0.2 M sodium acetate buffer (pH 5.2) for 1 h at room temperature and subsequently washed three times with 0.2 M sodium acetate buffer at room temperature. The sample was dehydrated in an ascending acetone series (50, 60, 70, 80, 90, 95, and 100%) and then in 100% propylene oxide for 10 min with constant rotation at room temperature. After infiltration of sample with EMBED 812/Araldite 502 resin at room temperature, sections were prepared in a Reichert Ultracut OMU3 microtome (Leica, Germany) at 100 nm thickness, followed by staining with 2% uranyl acetate/70% methanol. The images were collected on a Hitachi 7650 transmission electron microscope (Hitachi, Japan) operating at 70 kV.
Statistics
Statistical significance was determined by Student's t-test (two-tailed distribution with a two sample equal variance). P-values of less than 0.05 were considered significant and less than 0.01 were considered very significant.
